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Abstract 
 
 
 
 
 
 
 
The chemical composition of ancient glass offers a great quantity of information to 
archaeologists, but the present chemical analysis techniques appear to have many 
disadvantages. In this thesis, we applied optical spectroscopy to the study of the 
chemical composition of ancient glass. We dealt with the identification of the colouring 
agents and the impurities affecting the colour of the glass. The study of the glass 
transmission spectral shape was focused on the identification of the characteristic 
absorption bands and the calculation of the colour coordinates. We detected the 
presence of those substances and also provided additional information about ancient 
glass production process. After demonstrating that optical spectroscopy is an alternative 
valid technique, we built an equipment to perform the measurements adapted to the 
archaeologists’ requirements. Cost, size and easy operability were some of the factors 
taken into account in the development of the system. 
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Abstract 
 
 
 
 
 
 
La composición química del vidrio antiguo ofrece a los arqueólogos una gran cantidad 
de información pero las técnicas para analizar su composición química presentan 
muchas desventajas. En esta tesis, hemos aplicado espectroscopia óptica para el estudio 
de la composición química del vidrio antiguo. En concreto, hemos trabajado en la 
identificación de los agentes colorantes y en las impurezas que afectan al color del 
vidrio. Partiendo del espectro de transmisión de cada vidrio, nos hemos centrado en la 
identificación de las bandas de absorción características, así como en el cálculo de las 
coordenadas de color. Con este método hemos detectado la presencia de estas 
sustancias, pero también hemos obtenido información sobre la producción de vidrio 
antiguo. Después de demostrar que la espectroscopia óptica es una técnica alternativa 
válida, hemos diseñado un equipo de medida que se adapte a las necesidades de los 
arqueólogos. Para el desarrollo del sistema, se han tenido en cuenta factores como el 
coste, el tamaño o la facilidad de uso.   
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1. Introduction 
The topic of this thesis is part of a multidisciplinary research project based on the 
use of photonics to solve archaeological problems. This VUB funded project is the 
collaboration between three departments of the VUB: the Archaeological department 
(MARI/VUB), the Material science department (META/VUB) and the Applied Physics 
and Photonics department (TONA/VUB).  
More specifically, in this thesis we are going to characterize excavated ancient 
glass artefacts by means of optical spectroscopy. We will particularly work in two 
topics: the identification of the glass colouring agents and the detection of impurities 
that were added with the raw materials. The second part of the work will involve the 
design of a low-cost solution for the analysis of glass. 
In recent times, optical spectroscopy has been applied to the world of cultural 
heritage, conservation and preservation. For instance, these techniques are applied to 
paintings, statues or archaeological ceramics. The aim of these investigations is to 
achieve a deep knowledge of the nature of the work of art by non-destructive techniques 
for the preservation of the object as well as the historical research. In this thesis, we 
will try to include ancient glass to the list of materials analyzed spectroscopically.  
1.1. Ancient glass: its composition and its production [1] [2] 
The term ancient glass refers to the glass produced before the middle of the 17
th
 
century, when there was not a rational understanding of glass composition (Turner 
1954).  Ancient glass was made via trial and error; experimentation with the different 
materials available enabled glass-makers to select the appropriate raw materials as well 
as to discover the properties that the different materials imparted to glasses. Most of the 
chemical compounds were added as a component of a material, as the actual chemical 
processes were not identified yet. 
Glass can be defined as a non-crystalline solid that is isotropic and exhibits 
vitreous transition phenomena. Zachariesen (1932) established a model for oxide 
glasses that determined that their atoms and ions are linked together by strong forces, as 
crystals do, but they lack a long range order. Despite the disorder, the glass has the same 
properties in the three spatial dimensions.  
  
2 
Several inorganic oxides have the ability to satisfy the Zachariesen model, and 
consequently, are able to form glass. These oxides, (B2O3, SiO2 or P2O5, among others), 
are called network formers. These network-forming oxides are illustrated in figure 1.1, 
in an imaginary two-dimensional view. The principal network former in ancient glasses 
is silica (SiO2), more specifically, crystalline silica (quartz) from sand. The primary 
workshops, were the glass was produced in a large-scale and then distributed to smaller 
secondary workshops, were placed where sands were relatively pure (containing 
between 1-3 per cent of iron). Later on, they learned how to purify sand, so they could 
make glass from impure sand with prior treatment.  
Silica forms glass readily all by itself, but it requires such a high temperature to 
melt that a second ingredient, an alkali, is added to lower the working temperature. The 
melting temperature of the crystalline silica is 1723 ºC, an unreachable temperature for 
the furnace technology of that time. After adding an alkali oxide, the melting point 
lowered to about 1000 ºC.  
Roughly speaking, the amount of modifier required depended on the state of 
development of furnace technology at any particular era. Until about 1000 AD, soda 
(Na2O) was the alkali used for this purpose. The primary source of soda was natron, a 
naturally occurring salt found in dry lake beds. An important technical breakthrough in 
glass-making practice occurred around AD 1000, when potash (K2O) began to replace 
soda as the regular source of alkali. Potash was obtained from beech wood ashes. 
Unfortunately, the addition of an alkali also alters the durability of the glass, 
obtaining, as a result, a very porous material. In order to lower the melting temperature, 
the alkali (so-called network modifier) debilitates the strong network formed with the 
silicon and oxygen atoms, providing a more open network. As shown in figure 1.1, the 
addition of the alkali causes the breakage of the links Si-O-Si. 
 
Figure 1.1: The addition of the alkali Na2O on a silica glass structure  
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To counteract this problem, the addition of a stabiliser such as lime (CaO) or 
magnesia (MgO) is required. The presence of this third ingredient restores partly the 
strength of the network. The final network structure is shown in figure 1.2. However, it 
is thought that ancient glassmakers were unaware of the necessity of lime, since ancient 
glass recipes called only for silica and alkali to be used; lime entered the glass through 
calcareous particles in the beach sand, rather than as a separate component. 
 
Figure 1.2: Soda-lime-silica glass structure  
 
Finally, metallic oxides are added to the batch to produce an array of colours. It 
is accepted that ancient glass-makers learnt the process of colouring empirically. Cobalt 
produces rich blues; copper produces blues, greens and reds; manganese produces 
purples and pinks; and iron, when combined with sulphur, creates amber yellows.  
Glass-makers also found their way to decolorize or opacify glass by incorporating 
manganese or antimony. Nevertheless, the production of colours was more difficult than 
it appears, as the metal oxides used as colouring agents produced different colours 
depending upon the firing conditions in the furnace, that is, whether the atmospheres 
were oxidizing or reducing.  
Apart from the raw materials required to make glass, there are other unintentional 
ingredients, added in the fabrication process. The chemical compositions of ancient 
glasses are extremely complex because, in addition to the essential ingredients, the sand 
usually contained several impurities.   
Yet, in this thesis, we are going to focus on the sand impurities, specially the 
presence of iron in the sand and its consequences. Then, we will also deal with the topic 
of colouring.  
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1.2. Situating glass artefacts based on their chemical 
composition [2] [3] [4] 
Chemical characterisation of ancient glass can be very useful to answer some 
questions to the archaeological community. When finding a glass piece, archaeologists 
are expected to reveal the hidden history of the artefact. Hence, they have to distinguish 
between ancient and industrial glasses, date the glass piece, determine its geographical 
context or find out the fabrication process at the time, among other questions. Bernard 
Gratuze (1994) proposed the division of all these questions into three different areas: the 
chemical composition and the origin of the raw materials, the fabrication techniques and 
the degradation of glass objects. 
The first step is always a visual inspection of the external properties of the 
sample, such as colour, shape, size or decorations. Depending on the production period, 
different vessel shapes are observed. Figure 1.3 illustrates the possible shapes of glass 
vessels of the Roman period. Figure 1.3.a refers to the shapes of the 1
st
 century, while 
the silhouettes of the 2
nd
 and 3
rd
 centuries
 
can be found in figure 1.3.b. The site where 
the glass artefact was found was also a really important clue to discover its origin. 
 
Figure 1.3: Possible Roman vessel shapes depending on the production period [5] [6] 
 
Nowadays, archaeometry is also used as a complementary method to solve the 
questions outlined above about the glass artefacts. Archaeometry involves the 
application of scientific techniques and methodologies to archaeology. Chemical 
analyses have been performed to gain information about when and where the glass was 
made, about the materials from which it was made and about how it was worked and 
traded in antiquity.  
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There are several methods for performing an analysis of the chemical composition 
of the glass. Their purpose is to establish the composition of the glass or to determine 
the possible sources of the raw materials. These studies use a variety of elementary 
analysis techniques, briefly reviewed in the table. 
  
Technique Principle 
 
Scan Electron 
Microscopy (SEM) 
 
This technique images the sample surface by scanning it 
with a high-energy beam of electrons in a raster scan 
pattern. The electrons interact with the atoms, causing the 
production of an x-ray signal. This signal, that contains 
information about the chemical composition of the 
sample, requires to be analyzed by a specialized technique 
called EDX (Energy dispersive X-ray spectroscopy). 
 
Electron Micropobe 
Analysis (EMPA) 
This technique works in a similar way than the SEM 
technique: the sample is also bombarded with an electron 
beam, x-ray signals are emitted and the signals that come 
from the sample are collected. 
 
X-ray fluorescence 
(XRF) 
In this case, instead of bombarding electrons, the 
technique bombards the sample with high-energy x-rays. 
It is an ideal method for analyzing low concentrations of 
specific elements. 
 
Inductively Coupled 
Plasma source 
spectrometry (ICP) 
It is based on coupling an inductively coupled plasma, 
which is a method that produces ions, with a mass 
spectrometer, which is a method of separating and 
detecting the ions. 
  
Although these techniques deliver a huge amount of information to the 
archaeologists, they also have many disadvantages. Some of them are destructive, 
which disables the possibility to characterize preserved ancient glass artefacts. They 
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also require a very complex instrumentation, and together with the need of skilled 
operator, they become expensive techniques. Besides, these factors make these 
techniques unable to be performed on the excavation site, and need to be done ex-situ. 
This factor is also very important when discussing about cultural heritage samples, as 
sometimes the transport of the sample is strictly forbidden. For all these reasons, only a 
limited amount of samples is investigated. 
1.3. Objectives and content of the thesis 
The main goal of this thesis is to characterize glass artefacts using optical 
spectroscopy. Essentially, we want to find a method to identify the chemical 
composition of the glass in such a way that the disadvantages of the conventional 
techniques are circumvented. Thus, we want to find a straightforward, non-destructive 
low-cost solution to apply photonics in archaeology. In this project, we will focus our 
attention in two questions: 
1. Is optical spectroscopy able to classify artefacts based on their sand 
impurities? 
2. Is optical spectroscopy able to identify the colouring agents used in 
ancient glasses? 
The basic concept is to illuminate the glass artefact with a wide-spectrum light 
and obtain the transmission spectrum of the artefact. From this transmission spectrum, 
we expect to determine the elements present in the glass. 
 
 
Figure 1.4: Basic concept of the technique 
 
 The work is divided in two parts. 
In the first part, we will check whether it is possible to determine the composition 
of the glass with optical spectroscopy. Initially, we will build a laboratory system to 
investigate the technique. In chapter 2, we will develop a system design that fulfils the 
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technique requirements. It is important for the system to be able to perform very 
accurate in order to answer the questions mentioned above. 
After checking the reliability of the design, chapter 3 will focus on the study of 
the transmission spectra of several ancient glasses by relating the spectral shapes with 
the data of their chemical composition obtained with traditional methods. The 
information about the optical transmission spectra of the range of elements used in the 
past will also be very useful to find the relationship between a spectral shape and the 
elements present in the glass. 
 In summary, we will obtain the transmission spectra of the glass samples and 
group them according to their spectral shapes. For each group, we will identify the 
absorption bands, and we will see whether it is possible to estimate the colorants that 
were used. We will also try to draw some conclusions about the fabrication process. 
Finally, we will compare our estimations concerning the chemical composition of the 
artefacts with the chemical composition obtained via chemical analysis.   
  Chapter 4 consists of the second part of the project that involves the design of a 
system that can be used outside laboratory. We will design a low-cost, portable 
instrument that will allow the archaeologists to perform in-situ measurements. The 
setup must fulfil some important requirements such as low cost or small size in order to 
become a useful method for archaeologists, avoiding the shortcomings of the 
conventional techniques. The technique will have several advantages: 
 It is a non-destructive method, a very important factor since we are analyzing 
cultural heritage samples 
 Analysis can take place in-situ, so the transportation of the glass artefact is not 
required  
  It is less expensive than other techniques 
 It is easy to operate, which means that it does not require skilled personnel to 
perform the measurements 
Although the final low-cost system can have several points in common with the 
laboratory design, they will differ in other factors such as cost or easy operability.  
Finally, in chapter 5, we will state the conclusions from our work. We will also 
suggest new ideas to continue the research, establishing some lines for future 
developement. 
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2. Laboratory system design 
The purpose of this chapter is to setup an appropriate laboratory system to 
perform our spectral measurements. Starting from a short introduction about optical 
spectroscopy, we will establish what kind of architecture is the best for our 
requirements. Once we have an appropriate measurement geometry (transmission or 
reflection) we will choose all the components characteristics (spectral region, source, 
fibres, lenses) taking into account the properties of glass. Finally, we will characterize 
the overall system to make sure that the measurements are repeatable and reliable. 
2.1. Optical spectroscopy [7] [8] 
When illuminating a sample with an electromagnetic wave, part of the light is 
absorbed inside the material (A). The light which is not absorbed leaves the sample as 
transmitted (T) or reflected (R) light. The idea behind optical spectroscopy is to 
measure one of these spectra (A, R or T) and to analyse it. These spectra are 
fingerprints for the material and should allow us to identify the material’s composition. 
So, spectroscopy is a precise analytical method for finding the constituents present in a 
material having unknown chemical composition. In a typical spectroscopic analysis, a 
concentration of a few parts per million of a trace element in a material can be detected 
through its spectrum. 
The optical spectroscopy works with wavelengths from 190nm to 2500nm, which 
will involve the ultraviolet (UV), visible (VIS) and near-infrared region (NIR).  
In the UV-VIS region, when a light source with a broad band of wavelengths is 
directed at the atoms, ions, or molecules, the particles absorb those wavelengths that can 
excite them from one quantum state to another (figure 2.1). 
 
 
      
Figure 2.1: Energy level change due to the interaction with light 
 
As a result, the absorbed wavelengths will be missing from the original light 
spectrum after it has passed through the sample. Since most atoms and many molecules 
Light 
Light attenuation 
by absorption 
e
- 
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have unique and identifiable energy levels, a measurement of the missing absorption 
lines allows identification of the absorbing species.  
However, there are some differences in the NIR spectroscopy. Infrared 
spectroscopy exploits the fact that molecules have specific frequencies at which they 
rotate or vibrate corresponding to discrete energy levels (vibrational modes). These 
resonant frequencies are determined by the shape of the molecular potential energy 
surfaces, the masses of the atoms and the associated vibronic coupling. 
2.2. Setup of the laboratory measurement system 
2.2.1. Measurement geometry 
The most practical setup is the one where we have the source and the detector on 
one axis and the artefact is placed in between. Retrieving the figure 1.4, represented 
again as figure 2.2, the incident light and the detector are perpendicular to the glass 
surface. 
 
Figure 2.2: Basic concept of the technique 
 
If we plan to measure an unmanageable sample of ancient glass, another 
architecture should be considered. However, because in this thesis we are dealing with 
excavated glass artefacts, this setup suits our needs. In other words, we will measure 
and analyse transmission spectra. 
In general, we consider three blocks in this system, as shown in figure 2.3.  
 
Figure 2.3: Block diagram of the setup 
 
We will first analyse the glass artefacts under study to appreciate the main 
characteristics of the samples we are dealing with. Afterwards, we will choose the 
components of the illumination part that will consist of the source and other elements 
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that make sure the sample is correctly illuminated. Finally, we will focus on the 
receiving part, which is formed by the components that collect the transmission light 
and analyse it. 
2.2.2. Archaeological artefacts under study 
The artefacts under study do not follow any specific pattern, as there is a large 
difference between samples. The differences affect the following features:  
o Physical size 
o Origin  
 chronological 
 geographical 
o Chemical composition 
For the system design, the key feature is the size of the samples. It is necessary to 
have a spot size which does not exceed the physical dimension of the glass artefact. 
Depending on the glass, an additional aspect has to be considered to determine the spot 
size. During the fabrication process, some air bubbles may appear in the glass, and 
remain there after the cooling (figure 2.4). So, the spot has to be also big enough to 
make sure we are not illuminating an air bubble formed in the glass. Hence, it is 
important to find a compromise between those two requirements. 
 
Figure 2.4: Example of glass bubbles 
 
From the samples we worked with, we can draw some conclusions about those 
issues. The smallest sample we have under study has a diameter slightly superior than 
5mm. On the other hand, when we asked for a glass containing big air bubbles, the 
Archaeological Department provided us with some glass pieces with an air bubble size 
  
11 
of 1mm of diameter. We can conclude, then, that with a light spot with a diameter of 
5mm, we can measure all our samples. To make sure the bubbles didn’t affect the 
results, once the setup was built, we measured a sample’s transmission spectrum in the 
visible region. At first, we focused the light spot to a bubble but, of course, the spot size 
was bigger than the bubble size. Next, we focused the spot where we could not find any 
bubble (figure 2.5). The results showed that the bubbles did not affect the results, as the 
spectral shape overlaps. 
 
Figure 2.5: Measurement of the bubbles effect 
 
As listed above, the glass artefacts have different chronological and geographical 
origins. We covered a broad geographical area, including several European regions such 
as Belgium, France or Italy. The artefacts also covered a long period of time, starting 
from the Roman period until Medieval times. 
Finally, as the purpose of the research is to study the impurities of the sand and 
the colouring agents, we divide the samples in two groups. First, the research will be 
focused on deliberately uncoloured samples, although the sand impurities may have 
added some colour. The second group contains the coloured artefacts. Ancient glass 
mostly appears in four different colour hues, depending on their chemical composition: 
blue, purple, green and brown. We certainly need samples of all these colours in order 
to identify all the colouring agents. 
2.2.3. Components of the measurement system 
After establishing the general architecture of the design, the components that form 
the setup have to be chosen according to the system requirements. Once again, it is 
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important to remark that, in the laboratory design, aspects as size or cost are not taken 
into account. We want to obtain a precise transmission spectrum, so the most accurate 
components available are required. Nevertheless, some of the considerations discussed 
in this chapter will also be valid for the low cost design. 
2.2.3.1. Illumination part 
Source: 
The first requirement for the source election concerns the spectral emission 
bandwith of the source.  After some literature research, extensively detailed in chapter 
3, we concluded that we needed to cover the following wavelengths: Ultraviolet (UV), 
Visible (VIS) and Near Infrared (NIR). 
Another significant characteristic is the stability of the source. A very stable 
source is required, as results have to be repetitive in order to compare them with other 
measurements. 
 Taking these two requirements into account we decided to build the setup with 
the halogen source Instrument Systems LS500-100 (Annex A). This covers a set of 
wavelengths between 300nm and 1700nm. We show the spectrum of the source in 
figure 2.6. We can see that there is indeed emission in the entire measurement region. 
Although it doesn’t follow any standard illuminant, it is very close to illuminant A, 
which represents incandescent light sources. 
 
 
Figure 2.6: Source spectral shape 
Theoretically, this source has a constant emission pattern after a 30 minutes 
warm-up. To make sure it was stable, we measured the spectrum of the source every 5 
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minutes after switching it on. As can be concluded from in figure 2.7, after half an hour 
it became stable. 
 
 
Figure 2.7: Source stabilisation 
Source fibre:  
To guide the light from the source towards the sample, we will use a bundle of 
fibres to lead the light from the source to the sample: Instrument Systems OFG-554 
(Annex A). The fibres cover a spectral range from 190nm to 1600nm. 
 It is important to discuss the diameter of the emission fibre because it is a 
characteristic that may affect the system design. The bundle of fibres ends with a light 
spot with a diameter of 1cm. Besides, the spot size is even bigger on the glass surface 
due to the divergence of the fibre bundle (5º). Note that this diameter is incompatible 
with the size of the artefacts, which require a maximum diameter of 5mm. The solution 
calls for the use of a lens that concentrates the light rays coming from the emission fibre 
in a smaller spot. So, we have to add a new element in the design, between the emission 
fibre and the glass sample. 
 Lens and microscope objective: 
 To make light converge into a smaller spot we can choose between adding a lens 
or a microscope objective. We are first going to analyze the lens option, while we will 
be considering the microscope objectives afterwards. 
A lens is an optical device that transmits and refracts light, making the beam 
converge or diverge. In our case, we want to focus the beam to a smaller spot with a 
simple lens. A simple lens is a lens consisting of a single optical element. Plano-convex 
and bi-convex lenses converge the parallel beam of light travelling parallel to the lens 
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axis to a point on the axis, at a certain distance behind the lens (focal length). We opted 
for the use of a bi-convex lens, as bi-convex lenses are more suited to applications 
where object and image distances are similar, minimizing the spherical aberration. It is 
also important to check the optical material of the lens, which has to be able to transmit 
in necessary wavelengths range. Fused silica material has good optical transmission 
characteristics between wavelengths 200nm and 2400nm.  
As a first approximation the thin lens formula can be used. This formula gives the 
relation between the object distance s1, the image distance s2 and the focal length F 
(figure 2.8). 
1
𝑆1
+ 
1
𝑆2
=
1
𝐹 
 
𝑀 =  
𝑆1
𝑆2
,         𝑀 = 𝑚𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 
 
Figure 2.8: Thin lens equation [9] 
 
Knowing that we need a spot size (the image) between 0.1cm and 0.5cm and 
starting from an object of 1cm (the spot dimensions in the output of the illuminating 
fibre bundle), we need to have a magnification M between 0.1 and 0.5. We have to 
choose the appropriate parameters to obtain the right magnification, but bearing in mind 
the design’s restrictions. The distance between the emitting fibre and the lens has a 
maximum value, controlled by the divergence of the fibre and the size of the lens. The 
light beam cannot exceed the lens size, as illustrated in figure 2.9. 
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1,9𝑐𝑚
2
− 0,5𝑐𝑚 = 0,45 𝑐𝑚 
tan 5 =
0,45𝑐𝑚
𝑠1 𝑚𝑎𝑥  
 
𝑠1 𝑚𝑎𝑥 = 5,1 𝑐𝑚 
 
Figure 2.9. Maximum distance (s1) 
 
So, taking into account this restriction, we study which lens’ focal lengths would 
the system require for different magnitudes values (from 0.1 cm to 0.5cm in steps of 
0.1) and three different distances s1. The results are given in figure 2.10. 
. 
 Figure 2.10: Lenses focal lengths required 
A lens is a good option to make the light spot smaller. However, as we received 
samples while the work was being developed and we did not have information about its 
size, we also considered the microscope objective option. The lenses could be useful for 
the low-cost design though. 
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With a microscope objective a smaller spot size can be achieved. The microscope 
objective consists of a collection of lenses, so we can’t use the thin lens equation to 
study its parameters. We will then choose the adequate microscopic objective by 
performing empirical analysis. Among all microscope objectives available, we conclude 
that the objective M-10X (Annex A) is the most suitable for the design, providing a 
0,4cm spot size at a 1cm distance. 
2.2.3.2. Receiving part 
The receiving part consists of two components. First, there is an optical 
spectrum analyser which measures the intensity of the received light as a function of the 
wavelength. Apart from the spectrum analyser, there is an optical fibre which guides a 
part of the transmitted light towards the spectrum analyser. Since we are only concerned 
about the spectral shape, we don’t need to measure the absolute spectrum; consequently, 
the use of an integrating sphere is superfluous. 
Receiving fibre: 
 In contrast with the fibre bundle in the illumination system, the receiving fibre 
consists of only a single fibre: This fibre spectral ranges from 300nm to 2200nm; its NA 
is 0.37, and consequently, the angle of the acceptance cone is θ =21.7º. The angle is big 
enough, as the scattering angle from the glass is about 12º (value measured 
experimentally). 
Optical spectrum analyser: 
 The spectrum analyzer used is a Grating Monochromator (Instrument Systems 
SPECTRO 320) which has two internal photodetectors, one Photo Multiplier Tube 
(PMT) for the visible light and an InGaAs photodetector for the infrared light (Annex 
A). The spectrophotometer can analyze the wavelengths range 190nm to 1700nm. This 
configuration presents a loss of sensibility at around 800nm. Depending on the width of 
the selected measurement region, a spectral resolution up to 0,12nm can be obtained. 
2.2.4. Final setup 
The final setup is schematically represented in figure 2.11. The light coming from 
the source passes through the microscope objective and is focused on the piece of glass. 
The illumination arm is placed perpendicular to the glass surface. On the other side of 
the glass sample the transmitted light is collected with the receiving fibre and analyzed 
with the spectrum analyser. We will perform the analysis for the wavelengths that go 
from 300nm to 1600nm. 
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In order to be able to compare the different measurements, we need to have a very 
accurate architecture. The distance between the fibres and the glass artefact always has 
to be the same.  
 
 
Figure 2.11: Schematic view of the design 
 
In figure 2.12, we show a picture of the final setup. 
 
Figure 2.12: Picture of the setup 
 
2.3. Measurement methodology  
The relative transmission spectrum of an artefact is obtained by measuring too 
spectra: 
1. The emission spectrum of the source E(λ). This spectrum is measured 
without the placement of the glass artefact between the source and the 
receiving fibre. 
  
18 
2. The emission spectrum of the source Es(λ), when the sample is placed 
between the source and the receiving fibre. 
From these two spectra we calculate the relative transmission spectrum as: 
𝑇 λ =  
Es λ 
E λ 
. 100% 
Eq.2.1 
 
Being a fraction, the transmission is dimensionless and independent of the 
intensity of the incident radiation. 
2.4. Characterisation of the systems performance 
As stated previously, the purpose of the experimental analysis is to confirm 
whether it is possible to characterize ancient glass with optical spectroscopy. As we 
need to obtain the most accurate spectra possible, we will use the highest resolution 
available. The spectrum analyser divides the range of wavelengths between the two 
gratings, so the minimum resolution depends on the spectral width of the measurement 
range. For the range we use (from 300nm to 1600nm), the minimum rounded resolution 
is 2nm. This is the resolution we are always going to use in chapter 3.  
To characterize the final design, it is essential to check the reliability of the 
system. First, we are going to study which is the noise level we have and whether this 
noise can affect the results. To measure the noise level, we measure the spectral 
irradiance with the same setup, but without light. After that, we compare the 
measurements with the source spectrum. The results are shown in figure 2.13. Note the 
increase of noise at around 800nm due to the low detector sensitivity in this spectral 
region. 
  
Figure 2.13: The noise effect 
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The difference between the noise level and the source level is about 5 orders of 
magnitude. We can state, then, that the noise level does not affect the results.  
Finally, we check the repeatability. This research work is based on the 
comparison of the spectral shapes. For this reason, it is essential to have repeatable 
measurements. To study the repeatability, we perform several measurements of the 
same glass sample during different days. Afterwards, we put all the results together and 
make the comparison between them.  
 The first step to consider the repeatability is to focus on the purpose of the 
experimental work. We are interested in the absorption bands of the spectrum, and more 
specifically, in the spectral position of the absorption is a maximum (or the transmission 
peak is a minimum). We have to check, therefore, whether the minimum transmission 
peaks’ wavelengths coincide. 
 We measured the same sample at different times (different times of the day and 
different days) and we put all the transmission graphs together. Afterwards, we list in 
which wavelengths we find the transmission minimum and we make the comparison 
between them.  
The repeatability was measured in several samples. In general, all the samples had 
the same repeatability results. As an example, we will show the study of the 
repeatability of a blue Chartres sample (figure 2.14). The sample comes from the 
Chartres Cathedral.  
In short, the blue Chartres sample has four transmission minima. It contains the 
two types of substances that we will analyse in chapter 3: a presence of an impurity and 
a colouring agent. The colouring agent causes an intense blue colour and is the 
responsible of the three first absorption bands. As we will describe later on, this 
colouring agent is cobalt. Apart from the three absorption bands placed on the visible 
region, we can also find a fourth absorption band in the near-infrared region. This one is 
caused by the presence iron, added as an impurity, as detailed in chapter 3. 
So, basically, we will study the spectral position of these four bands. We want to 
check if the minima are at the same wavelengths. We will calculate the mean for the 
four minima as well as the standard deviation. All the results are shown in the figure 
2.15. 
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Figure 2.15: Spectral shape of a sample containing cobalt and iron, measured several times 
 
 Esp1 Exp2 Exp3 Exp4 Exp5 Exp6 Exp7 Exp8 Exp9 Mean Stand dev 
1
st
(nm) 530 530 530 532 532 530 530 530 528 530,22 1,20 
2
nd
(nm) 596 600 600 598 598 600 596 596 598 598 1,73 
3
rd
(nm) 646 650 652 650 650 652 652 646 648 649,55 2,40 
4
th
(nm) 1198 1202 1194 1196 1196 1194 1198 1202 1196 1197,3 3 
Figure 2.15: Table showing the differences between the minima position 
 
In this case, the largest difference between wavelengths is 8nm. We can consider 
that it is a very small difference. In addition, after grouping the spectra by shape 
similarity, we have to compare them with the materials theorical spectra. The references 
of these spectra are not especially precise: they do not give an exact value of the 
absorption maximum’s wavelengths, but they give a range of values. Therefore, the 
small differences found in the repeatability tests are of no significance. 
2.5.  General conclusions 
In this chapter, we described the setup that would allow us to develop our 
hypothesis. We defined a system architecture and we chose the components that 
fulfilled the requirements for the measurement of a glass transmission spectrum. 
Finally, we studied the final system. 
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Considering now the overall assessment, we can conclude that the setup is 
effective for our needs. We can perform the desired measurements that will yield 
accurate results. We can then proceed to do the experimental analysis. 
  
  
22 
3. Experimental work: the 
identification of colouring agents via 
optical spectroscopy 
Once we have built a reliable laboratory setup, we can start performing the 
transmission spectra measurements. This chapter is then dedicated to the experiments 
performed and the analysis of their results. The goal of the chapter, and the first goal of 
the thesis, is to check whether it is possible for photonics to help in the analysis of 
ancient glass artefacts. More specifically, we want to check if the transmission spectra 
measured by the laboratory system can give us some clues about the chemical 
composition of a glass piece. We would like to remind that this master thesis will be 
focused in two particular questions: the presence of the sand impurities affecting the 
colour of the glass and the identification of the applied colouring agents in ancient 
glasses. 
We will work on the two topics in a similar way. At first, we will perform some 
literature review concerning issues such as the origin of the glass raw materials or the 
absorption bands of the elements that we want to identify. After the theoretical study, we 
will group the transmission spectra based on the similarities of their shapes, bearing in 
mind the absorption remarkable bands. Considering the analysis of the absorption 
bands and with the help of the chemical analysis provided by the VUB Material Science 
Department we want to check if there is a relation between the measured spectral shape 
and the chemical composition of the artefact. 
3.1. Absorption bands of colouring agents [10] 
First of all, in this section, we will give a quick overview of the absorption bands. 
The alkali and alkaline earth silicate matrix of most glasses is inherently 
colourless, but the presence of small quantities of absorbing transition metal ions such 
as iron, manganese or cobalt, produces regions of absorption (bands) at some 
wavelengths. If these bands are situated in the visible region, they impart colour. There 
may be also bands in the infra-red or ultraviolet regions that, despite not influencing the 
colour, may be informative. 
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As mentioned from a general point of view in chapter 2, absorption bands in the 
spectra of transition metal compounds may be mainly produced by the following 
process: The energies of the excited states of the d electrons belonging to a transition 
metal ion -again such as iron, cobalt or manganese- in a particular oxidation state vary 
according to the nature and disposition of the other atoms (ligands) surrounding the 
metal ion. The d electrons can be excited from their normal ground state to the higher 
energy levels by photons of light of appropriate energies leading to the absorption bands 
at specific wavelengths. 
In chapter 3, we will analyse the absorption bands caused by the transition metal 
ions. 
3.2.   Part 1: Analysis of the glass sand impurities 
3.2.1. Literature study: sand impurities and their most important absorption 
bands [1] [10] [11] [12] [13] [14] [15] 
 Most ancient glasses that do not contain any deliberately-added colorant show a 
pronounced green colour –or at least a greenish tinge- owing to the fact that they 
contain appreciable levels of iron. This iron came primarily as a contaminant of the raw 
materials from which the glasses were melted. In fact, ancient glasses containing iron 
impurities show a more or less continuous range of colours, grading, in subjective 
terminology, from bluish-aqua to green to yellow green to olive. It has long been 
recognised that the colour variation among these glasses is related to the relative 
proportions of ferrous and ferric iron (Fe
2+
 and Fe
3+
 respectively) present. This, in turn 
depends on the atmospheres that prevailed when the glasses were melted. 
Basically, the ‘colour’ of the glass is affected by the oxidizing or reducing 
conditions in the furnace. In the traditional sense, a metal was oxidized when, with the 
combination with oxygen, they formed an oxide. The oxide was reduced when the metal 
was reformed. However, the concept becomes more complicated when the metal has 
more than one state of oxidation. Iron (Fe) becomes oxidized when ferrous oxide (FeO, 
Fe
2+
 ions are present) is formed, but it becomes further oxidized when more oxygen is 
added and forms ferric oxide (Fe2O3, Fe
3+
 ions are present). As shown in figure 3.1, the 
oxidation process occurs when the ion loses an electron, and on the other hand, 
reduction takes place when the ion gains an electron. The oxidation conditions in the 
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furnace can be achieved by means of a short bright flame, while producing smoky 
conditions leads to a reducing atmosphere. 
 
 
 
 
Eq. 3.1 
 
 However, the situation is rarely so simple and usually both Fe
2+
 and Fe
3+
 may 
coexist, producing glasses of various shades of green. The glass colour intensity is 
determined by the total iron oxide content, but the colour is determined by the balance 
between the two ionic forms. For this reason, two glasses containing the same quantity 
of iron but produced under different redox conditions do not have the same colour.  
In addition to that, it is important to remark the impossibility to distinguish the 
two forms of iron with the chemical analysis techniques. Usually, when a chemical 
analysis of glass is undertaken, the amount of iron oxide is quoted as Fe2O3. Yet, this 
does not necessarily imply that all of the iron is in that state.  
There are four regions of absorption attributable to the presence of iron in glass. 
These will be discussed in sequence of increasing wavelength. 
 An intense UV absorption produced by Fe3+. The maximum of the absorption 
band lies at λ= 230 nm.  The tail of this very strong band into the visible region causes a 
yellow colour.  
 A series of weak sharp bands mainly in the region 375-450nm due to Fe3+. 
Usually, their effect on colour is negligible. 
 A strong band centred at λ=405nm due to Fe3+. This intense band only appears in 
some samples of the ancient glass. It is considered that this band is caused by a 
combination of F
e3+
 and S
2-
 (added as another contaminant) forming ferri-sulfide. This 
band would give by itself a red-tint, but it normally occurs together with the presence of 
Fe
2+
. This combination gives green, amber or brown shades depending on the relative 
strength of the ferric and the ferrous form. 
 A strong broad band centred around 1100nm (between 950nm and 1200nm) 
caused by Fe
2+
. The ferrous absorption is always in the infrared spectral region, but tails 
into the visible and imparts a fairly pale, pure blue tint. 
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The spectral shape that illustrates these bands is shown in figure 3.1. 
 
Figure 3.1: Iron absorption spectrum 
3.2.2. Sample analysis 
3.2.2.1. Working methodology 
 In the study of the glass impurities, different aspects will be investigated. 
The first idea to perform an analysis of the glass artefacts is to detect the presence 
of impurities by looking to the impurities characteristic absorption bands. However, 
after doing the literature research, we will try not only to identify the iron present as an 
impurity of the glass, but also to have some information about the applied production 
process. Since iron oxide is a usual impurity in ancient glass, the determination of the 
ferrous-ferric ratio can provide information about the glass melting conditions. 
 At first, we want to verify if optical spectroscopy is a valid method for the 
identification of the iron impurities of the sand. To validate our hypothesis, we will 
measure the transmission spectra of different glass samples presenting a greenish tinge 
provided by the VUB Archaeology Department. Previously, these samples were 
chemically analysed by the VUB Material Science Department and the results noticed 
the presence of the iron impurity. As mentioned before, with the traditional chemical 
techniques the iron is stated as Fe2O3, though it can be present in its two forms (ferrous 
and ferric). 
 So, from the obtained transmission spectra (or calculated absorption spectra), we 
analyse the iron’s characteristic absorption wavelengths. To facilitate the task, we will 
first group the measured spectra by the similarities in their spectral shape, and later, 
analyse its absorption bands. 
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In case part one proves that optical spectroscopy can indeed be used as a tool to 
identify the presence of iron impurities, we will, in a second part, go one step further 
and investigate if optical spectroscopy can be used to classify ancient glass artefacts 
based on the iron impurities concentrations.  
The second part of our study will be related to colour. As explained on chapter 
3.2.1, the undeliberate colour of the glass is determined by two factors: the total iron 
concentration (saturation) and the ratio Fe
2+
/ Fe
3+
 (hue). Thereby, the colour of the 
artefact can also give us information related to the selection of the raw materials and the 
manufacturing practice. Colour could give us a clue about the origin of the glass 
artefacts provided that the artefacts coming from the same place have a similar colour 
pattern. 
 For this reason, we will calculate the colour coordinates of the different greenish 
samples. A quick summary of the colour coordinates, explaining their characteristics 
such as their meaning or their calculation method, is exposed in the next section. In 
order to check if we are able to classify artefacts based on their sand impurities by 
means of spectroscopy, we will carry out the procedure explained as follows. 
We will investigate the samples coming from two different places: Mechelen and 
Middelburg. We will calculate the colour coordinates of these samples and represent 
them in a CIE chart. Finally, we will test whether we can distinguish two clusters in the 
CIE chart, corresponding to the two different origins. 
3.2.2.2 Colour coordinates [16] [17] [18] 
In the past, with the aim of communicating colours more easily and more 
accurately, many methods for quantifying colour and express it numerically have been 
developed. Within the framework of the study of the perception of colour, the 
Commission Internationale de l’Eclairage (CIE), created the Yxy colour space. Derived 
from a series of experiments done in the late 1920s by W. David Wright and John 
Guild, the colour space is based on a set of tristimulus values, called X, Y and Z.  
XYZ tristimulus values and the associated colour space Yxy colour space form the 
foundation of the 1931 CIE colour space. The concept of the XYZ tristimulus values is 
founded on the three-component theory of colour vision, which states that the eye 
possesses receptors for the three primary colours (red, green and blue) and that all 
colours are seen as mixtures of these three primary colours. Consequently, this colour 
system represents all the colours that can be physically perceived by the human eye.  
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Due to the nature of the distribution of cones in the eye, the tristimulus values 
depend on the observer's field of view. To eliminate this variable, the CIE defined the 
Standard Observer, averaging the response of human viewing through a 2° angle. The 
Standard Observer is characterized by three colour matching functions: 
𝑥 λ ,𝑦  λ  𝑎𝑛𝑑 𝑧 λ . Basically, the colour matching functions are the numerical 
description of the chromatic response of the CIE 1931 Standard Observer (Figure 3.2). 
The values of the colour matching functions are provided by the CIE, in steps of 5nm. 
In order to calculate the colour coordinates of a spectrum obtained with a smaller 
resolution, we interpolated the colour matching functions using Matlab (Annex B). 
 
Figure 3.2: The CIE standard observer colour matching functions 
 
The XYZ are calculated using these Standard Observer colour matching 
functions, taking into account the type of illumination and the reflectance (or 
transmittance in the glass case) of the sample. 
It is important to mention the presence of the source illumination in the calculus, 
as the colour of any object does not only depend on the pigments of the object but also 
on the illumination conditions. So, we have to define a light source to calculate the 
colour coordinates of any sample: we will consider a pure white light. Pure white is 
strictly speaking light with radiation of all wavelengths present, all at the same intensity. 
That energy distribution is known as an equal energy source. This illuminant, known as 
illuminant E, is useful as a theoretical reference, but does not exist in practice. 
 So, starting from the transmission spectrum and a pure white light source, we will 
calculate the tristimulus values with the following formulas (Equation 3.2): 
𝑋 =  𝑆 λ 
780
380
𝑥 λ 𝑇 λ ∂λ      𝑌 =  𝑆 λ 
780
380
𝑦  λ 𝑇 λ ∂λ    𝑍 =  𝑆(λ)
780
380
𝑧 λ 𝑇(λ) ∂λ 
where 
S(λ): Relative spectral power distribution of the illuminant 
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𝑥 λ ,𝑦  λ  𝑎𝑛𝑑 𝑧 λ : Colour matching functions for CIE 2º Standard Observer 
T(λ): Transmission spectrum of the specimen 
Note that the integral limits go from 380nm to 780nm, corresponding to the wavelengths 
of the visible region 
Eq. 3.2 
 
The XYZ colour scale may be used to quantify the colour of an object. However, 
the results are not easily visualized, as these values do not fit into a colour solid. 
Because of this, the CIE defined a chromaticity system for graphing the colour 
appearance in two dimensions and independent of lightness. The Commission defined, 
as functions of the tristimulus values, the chromaticity coordinates x and y as (Equation 
3.3): 
𝑥 =
𝑋
𝑋 + 𝑌 + 𝑍
                                       𝑦 =
𝑌
𝑋 + 𝑌 + 𝑍
 
Eq.3.3 
 
Taken together and incorporated into a Chromaticity Diagram (Figure 3.3), the 
relationship between colour and tristimilus values is developed. Situating the 
coordinates x and y in the Chromaticity Diagram, we obtain the colour of the object 
observed with a specific illuminant. 
 
Figure 3.3: The CIE 1931 colour space chromaticity diagram [19] 
 
3.2.2.3. Materials 
 This master thesis is situated within a framework of a four year ongoing research 
project. During this time period, glass artefacts coming from 16 different archaeological 
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sites will be analysed concerning the iron impurities. In figure 3.4, we give an overview 
of these sites together with their geographical and chronological situation. In this Master 
Thesis, we analysed the artefacts of two sites: Mechelen and Middelburg. Both sites are 
situated in Belgium (Flanders) and dated in the Medieval period. 
 
 
Figure 3.4: Overview of the samples containing iron that will be studied 
 
3.2.2.4. Results discussion 
 We will start with the glass samples from the Mechelen site. These samples have 
been chemically analyzed previously. We can clearly distinguish two groups depending 
on the presence of impurities. Basically, the chemical analyses allow us to differentiate 
the samples containing iron from the ones that do not.   
Group 1: it is characterized by containing an amount of iron around 1%, which 
was probably added as an impurity. Despite the fact that it is not a huge amount of iron, 
a greenish tinge on the samples is easily observed for all samples.  
Roman
Oudenburg 1st-3rd century military camp
Rumst 1st-3rd century military camp
Villers-le-Bouillet 2nd-3rd century villa
Treignes 2nd-4th century villa
Tongeren 4th-5th century basilica
Merovingian/Carolingian
Huy 
Medieval & Post-medieval
Stavelot 12th century abbey 
Oudenaarde - Eine 12th century Sint-Eligiuschurch
Ename 12th century abbey
Koksijde 13
th
-16
th
 century abbey (Ten Duinen) - Cistercians
Sint-Niklaas - Klein Sinaai 13
th
-16
th
 century abbey (Boudelo) - Cistercians
Mechelen 14
th
-16
th
 century private residence (het Spijker)
Maldegem - Middelburg 15
th
-17
th
 century castle of Bladelin
Dendermonde - Grote markt 16th century private residence
Antwerpen - Falconplein 16th century convent
Antwerpen - Gratiekapelstraat 18
th
-20
th
 century private residence
  
30 
The glass samples under analysis and their iron content are shown in the table 
below (figure 3.5): 
Identification 
number 
Cat 231 Cat 264 Cat 339 Cat 350 Cat 351 Cat 541 
% of iron 
(stated as Fe2O3) 
1,13 0,96 1,08 0,95 1,25 0,65 
Figure 3.5: Overview of the examined samples and their iron content (Mechelen) 
 
Group 2: it is characterized by not containing iron or containing a minor quantity 
of it (less than 0.1%). All the samples are transparent (Figure 3.6). 
Identification 
number 
Cat 242 Cat 247 Cat 254 Cat 371 Cat 428 
% of iron 
(stated as Fe2O3) 
0,00 0,00 0,00 0,00 0,08 
Figure 3.6: Overview of the examined samples and their iron content (Mechelen) 
 
Next, we show the transmission spectra from the samples of the two groups 
(Figures 3.7 and 3.8). Note that the spectra only go up to 1300nm, because the higher 
absorption band we want to analyse is situated between 950nm and 1200nm. 
 
Figure 3.7: Transmission spectra of the samples from group 1 (containing iron) (Mechelen) 
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Figure 3.8: Transmission spectra of the samples from group 2 (not containing iron) (Mechelen) 
 
Looking into the iron characteristic absorption bands we can observe some 
appreciable differences between the groups. 
As the spectra start at 300nm, we cannot analyse the absorption band situated in 
the UV spectral region. The strong band centred at λ = 405nm is not present in the 
spectra. This band was not caused only by iron, but required also the presence of 
sulphur. Neither of the groups have the cromophore ferri-sulphid. We will then focus 
our attention on the absorption bands I and II. 
I) There is an absorption ‘shoulder’ situated between 400nm and 420nm, caused by 
the presence of the trivalent form of iron (Fe
3+
). It corresponds to one of the three 
bands situated between 375-450nm. It is present on all the samples of the first 
group except for one (Cat 264). This may be because the reducing conditions of 
the furnace reduced all the iron to its form Fe
2+
. The saples in group 2 do not have 
an absorption band at that wavelength. 
II) In this second case, the differences are much more evident. There is a wide 
absorption band at around 1000-1100nm in the first group that is inexistent in 
group 2. In fact in group 2, they have an ascendant slope, leading to the position 
of the transmission maximum. 
The band is caused by the presence of iron on its divalent form (F
e2+
). Ancient 
glasses are generally produced in a quite reduced atmosphere, so most of the iron 
is present as F
e2+
. Consequently, the difference is more manifest in this region. 
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We can also observe that the absorption band is theoretically in the NIR region 
but, as the band tails until the visible, it gives the greenish/blue tinge to the 
samples.   
After these results, we can conclude that it is possible to identify the presence of iron in 
the sample, even when it only contains about 1% of this element. We can use optical 
spectroscopy as a new technique to analyse the impurities present on the glass. 
There is also an important advantage of this new technique that we would like to 
remark. Whereas the traditional chemical techniques do not distinguish between the two 
forms of iron, the spectroscopic analysis can make the distinction. Hence, we can learn 
about the fabrication process of the ancient glass. In fact, the results of these 
measurements show that the iron on the Mechelen samples is in the reduced state, and it 
seems likely that furnaces atmospheres were very reducing. 
Following the idea of analysing the presence of iron on ancient glass samples we 
will analyse some new samples from which we don’t know its chemical composition. 
The glass artefacts come from Middelburg, another Medieval site. They have an olive-
green shade and we will check whether it is caused by the presence of iron.  
 
Figure 3.9: Transmission spectra of the samples from Middleburg 
 
The similarities between the Middleburg samples and the first group of the 
Mechelen samples are easily noticed. Again, the attention is focused on the 
characteristic absorption bands. At around 410nm, we can perceive a weak absorption 
and there is a wide strong absorption centred between 1000nm and 1100nm.  
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Taking a look to this last absorption band, it is clearly appreciable that it is 
stronger and wider in the Middleburg case. This indicates a major presence of Fe
2+
 and, 
consequently, reveals that we could find more reducing conditions in Middelburg. The 
distinct furnace conditions between the Mechelen (group I) and Middelburg is reflected 
on the relationship between the transmission maximum (100%) and the transmission 
value at the absorption wavelength. In average, the Mechelen (group I) samples transmit 
around 68% of the maximum at that wavelength, whereas in the Middelburg case, they 
only reach, in average, approximately 50%. 
 
The second step for the analysis is check if it is possible to classify samples based 
on their differences in iron impurities. We will concentrate on two points. 
The first point is to calculate the colour coordinates of the two groups of samples 
containing iron. As stated before, the tail of the absorption band in the NIR affects the 
visible region, and so does to the colour. So we want to test if we can distinguish origin 
(iron quantity and furnace conditions) only by looking at the colour coordinates (figure 
3.10). 
The colour coordinates correspond to the colour expected, which is a very light 
green. However, they occupy the same space in the colour coordinates diagram. 
Although we are only testing with two groups, the thesis cannot be validated. To get a 
more general perspective, we should analyse a larger number of samples and more 
samples from different origins. 
 
  
Figure 3.10: Colour coordinates of the samples that contain iron (2 places analysed) 
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While this thesis was written, glass artefacts from additional sites were analysed 
(Rumst and Oudenburg). The comparison of the results of the four sites (figure 3.11) 
shows a clustering of the artefacts based on the colour coordinates. These preliminary 
results might indicate a difference in sand impurity. 
 
 
Figure 3.11: Colour coordinates of the samples that contain iron (4 places analysed) 
 
The second point is to check the possible differences in the absorption peak 
positions. In this case, we will work with the transmission minima caused by the 
presence of the Fe
2+
 in the NIR.  
In figure 3.12, the table exposes the position of the absorption band, where the 
absorption is maxima. The Mechelen samples are indicated in blue, while the cells of 
Middelburg samples are highlighted in green. 
Sample 
identification 
231 264 339 350 351 541 7 82 95 96 
Wavelength 
position (nm) 
1026 950 1034 916 1008 1048 1070 1070 1066 1022 
Figure 3.12: Wavelengths in which we find the absorption peaks 
 
We can see a general tendency to the left from the Mechelen samples. Their 
average absorption peak wavelength is 997nm. The samples from Middelburg have 
their average on a higher wavelength: 1057nm. From these results, we can state that the 
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position of the absorption bands can help to classify samples based on their differences 
in iron impurities. However, just like in the colour calculation case, we need more 
samples to confirm the idea. 
3.3 .  Part 2:  Identification of the colouring agents  
3.3.1. Literature study: glass colouring agents and their most important bands 
[1] [10] [11] [12] [15] 
 The coloured effects in ancient glasses were generally produced by the presence 
of relatively small amounts of the oxides of transition metals such as cobalt (Co), 
copper (Cu), manganese (Mn) or iron (Fe). Again, the final colour of the glass not only 
depends on the metallic oxides present, but also on the temperature and state of 
oxidation or reduction in the furnace. It is agreed that ancient glassmakers learnt the use 
of colouring agents empirically. 
 In this section, we will analyse one by one the most frequent colouring agents 
present in ancient glass. However, we will not describe the copper’s characteristics 
since we don’t have any ancient glass sample containing enough amount of copper to 
have an influence on the colour. We will, then, discuss about cobalt and manganese. 
When speaking about manganese, we will also consider a special combination of 
manganese and iron, which appears often in ancient glasses. 
3.3.1.1. Cobalt (Co) 
Cobalt is a strong blue colouring element, as a very small concentration of cobalt 
gives an acceptable colour. For this reason, the number of artefacts where the presence 
of cobalt as a colouring agent has been objectively confirmed is limited. 
Cobalt has commonly two oxidation states (Co
2+
 and Co
3+
). Still, from the point 
of view of glass technology, discussion can be limited to those cobalt compounds that 
are derived from the divalent cobalt ion Co
2+
. The trivalent cobalt form Co
3+
 is not 
stable at the temperature range required for glass melting.  
As cobalt is expected to be present as Co
2+
, we will analyse the absorption bands 
caused by this ion. 
 There is a strong triple-peaked absorption band at around 600nm. We have to 
remark an interesting effect on the absorption bands produced by cobalt. The minima of 
the absorption bands are shifted depending on the alkali used as a network former (Na
+
 
or K
+
). In the Roman period, where soda was the network former, the first absorption 
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band is centred on around 535nm. The second and the third one are situated at about 
595nm and 650nm. On the other hand, in the Medieval period the network former was 
potash, and the first absorption band has its centre at approximately 520nm. These 
strong bands absorbe all visible light except blue, which causes the blue colour of the 
glass. 
 There is a less intense absorption in the infrared region. There are three weaker 
bands at around 1200nm, 1500nm and 1700nm. 
The absorption spectral shape in the visible spectral range for a soda-lime-silica 
glass containing cobalt is given in figure 3.13.  
 
Figure 3.13: Cobalt absorption spectrum 
3.3.1.2. Manganese (Mn) 
Ancient glass contains, in most of the cases, small concentrations of manganese 
introduced as constituent of the alkali flux. Yet, when the concentration exceeds the 
0.4% it is considered that the manganese was intentionally added. 
Manganese dissolved in glass is present as divalent (Mn
2+
) and trivalent ions 
(Mn
3+
). Again, their presence depends on the furnace’s atmospheres when the glass was 
melted, leading us to the reversible reaction (equation 3.4): 
 
 
 
Eq.3.4 
 
Roughly speaking, the divalent manganese form exhibits a single assimetric 
absorption band centred at λ=430 nm, but this absorption band is so weak that we will 
consider the manganous form (Mn
2+
) essentially non-coloured. In contrast, the 
Mn
3+
 + e
-
                 Mn
2+
     
 Oxidizing conditions 
 
conditconditionsc
onditions 
Reducing conditions 
 
conditconditionsc
onditions 
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manganic form (Mn
3+
) gives a purple colouration produced by a single asymmetric 
absorption band centred at λ=490nm (Figure 3.14).   
 
Figure 3.14: Manganese on its trivalent form absorption spectrum 
 However, almost all ancient glasses containing manganese also contain iron. 
Recuperating the redox equations exposed in Equation 3.1 and Equation 3.4, we can 
determine that the combined effect of these equations leads us to equation 3.5: 
   
 
Eq. 3.5 
   
As Fe
3+
 and Mn
2+
 are more stable, the equilibrium tends to move to the right. 
When the conditions are fully oxidizing, the equilibrium moves to the right by the 
addition of oxidizing agents; the iron contributes with a brownish yellow colour and the 
manganese with a purple colour, so that the resulting glass colour appears to be 
brownish violet. In the opposite conditions, with a fully reducing atmosphere, the 
equilibrium is forced to the left. The iron, then, gives a blue colour due to Fe
2+
, while 
manganese is practically colourless; the result is a blue glass. When the conditions are 
intermediate, a variety of colours are obtainable, such as green, yellow or pink. It is 
important to remark that obtaining colourless glass is also possible, when the purple 
from the manganese just balances the yellow of the iron. In this case, the manganese is 
acting as a decolourizer, because otherwise the glass would have a greenish tinge. 
3.3.2. Sample analysis 
3.3.2.1. Working methodology 
 The working methodology will be similar to the analysis of the iron impurities. 
After measuring the transmission spectra of glass samples with different colours, we 
Fe
2+
 +  Mn
3+
                Fe
3+
 + Mn
2+
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will group them and analyse each group separately. We will also match every group 
with the corresponding chemical analysis. 
 Yet, there are some important particularities. In the first place, we will not 
calculate the colour coordinates of the samples because the same colour can be obtained 
in many different ways using different colouring agents. For this reason, we will look at 
the characteristic absorption bands of the elements under study. 
 The second particularity refers to the detection of cobalt. As mentioned above, 
the presence of a small quantity of cobalt can produce an intense blue colour. So, 
although being the significant colouring agent, it is not usually mentioned on the 
chemical analysis. We have only two samples in which the chemical analysis indicate 
the presence of cobalt and, in fact, they require a more precise analysis. Instead of using 
the EPMA (Electron Micropobe Analysis) technique, the ICP Inductively Coupled 
Plasma source spectrometry) will be employed. Consequently, we will first look at the 
spectral shape of these two samples and link them to their chemical composition. After 
that, we will join into the group the samples that have a similar spectral shape. 
 On the other hand, when speaking about manganese or the combination between 
manganese and iron, we will follow the same procedure as the previous section. We will 
start from the chemical composition of the samples and prove that we can identify its 
presence by means of spectroscopy. 
3.3.2.2. Materials 
 There are several ancient glass artefacts under study. While dealing with the 
colouring agents, we will make sure that we have a wide range of colour diversity. Not 
all the samples can be chemically analysed, so we will only about know the chemical 
composition of some of them. 
3.3.2.3. Results discussion 
Cobalt: 
 We will start with the two samples for which the chemical analysis proved the 
presence of cobalt. One sample comes from Olbia and contains 0.1508% of cobalt, 
whereas the other comes from the Chartres Cathedral and contains a 0.095%.  
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Figure 3.15: Transmission spectra of the samples that we know that contain cobalt 
 
The presence of cobalt is easily noticed by observing the absorption bands. The 
behaviour at around 600nm coincides with the description given in the theoretical part: 
a strong triple-peaked absorption band. However, we cannot observe the weaker 
absorption bands situated on the NIR region. This is probably due to the presence of 
iron, which on its divalent form produces an absorption band at around 1100nm. In fact 
the two samples contain iron (Olbia-2.35% and Chartres-1.31%). The second weak 
absorption band, at λ=1500nm, can be perceived in the Olbia sample spectral shape. 
From the measurements performed to all the samples provided by the VUB 
Archaeological Department, we observe that there are a lot of spectral shapes with the 
same characteristics as the ones of figure 3.15 (Figure 3.16). The samples are coming 
from a variety of places such as Grobbendonk, Trou de Han or Treignes. 
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Figure 3.16: Transmission spectra of the samples that we determine that contain cobalt 
 
All samples have the three strong bands situated at around 600nm, and most of 
them show clearly the absorption bands in the NIR region. We can confirm, then, that 
the colouring agent of all these samples is cobalt. Note that the bands in the visible 
spectral range are really strong, especially the second and the third peak: most of the 
samples do not transmit light at the absorption peak, and, indeed the normalised 
transmission does not arrive to 20% in the worst case.  
We remarked before that the number of instances where the presence of cobalt 
as colouring agent has been objectively confirmed is limited because of two factors: 
first, the concentration of cobalt which gives a good enough blue colour is very small 
and, second, there are a lot of samples that cannot be chemically analysed because they 
need to be preserved. The spectroscopic analysis does not have these two problems and 
can easily identify the presence of cobalt. 
 
Manganese: 
Figure 3.17 shows the samples containing manganese, specifying its 
concentration. 
Identification number 
 
Olbia 037-20 Olbia C014B S7-Chartres 
% of manganese 
 
1,13 0,96 1,08 
Figure 3.17: Overview of the examined samples and their manganese content 
 
0
10
20
30
40
50
60
70
80
90
100
3
0
0
4
0
0
5
0
0
6
0
0
7
0
0
8
0
0
9
0
0
1
0
0
0
1
1
0
0
1
2
0
0
1
3
0
0
1
4
0
0
1
5
0
0
1
6
0
0
N
o
rm
al
is
e
d
 T
ra
n
sm
is
si
o
n
 (
%
)
Wavelength (nm)
Cobalt samples (II) Olbia 061-3
S6-Chartres
Grobbendonk
54
Grobbendonk
349
Trou de Han 
A78-11
Trou de Han 
A70-185
TREIGNES
Ring
  
41 
In figure 3.18 the transmission spectra of the samples containing manganese is 
shown. 
 
Figure 3.18: Transmission spectra of the samples that we know that contain manganese 
 
The spectral shapes prove that manganese is another colouring agent that can 
be identified by means of spectroscopy. As stated in the theoretical review, manganese 
(on its trivalent form) has an asymmetric absorption band at λ=490nm. The asymmetry 
is also evident, as the tail of the absorption band is longer on its right side. 
There is another glass artefact that has the same spectrum (Figure 3.19). It 
concerns a perfectly-conserved bracelet that, obviously, cannot be chemically analysed, 
as that would entail to damage it. The bracelet looks black when it is placed above any 
surface, but the violet colour can be by far recognized when placing the sample in the 
direction of a light source (so-called black appearing glass). With this new method we 
can confirm that its violet colour is due to manganese. 
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Figure 3.19: Transmission spectra of the samples that we determine that contain manganese 
 
Finally, it is interesting to evaluate a common combination in ancient glass that, 
depending on the concentration of each element and on the furnace conditions, can 
present a very wide palette of colours. We will study two groups of transmission spectra 
that contain manganese and iron, but have differences on their spectral shapes (Figure 
3.20 and 3.21). 
 
 
Figure 3.20: Transmission spectra of the samples containing manganese and iron (Group I) 
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Figure 3.21: Transmission spectra of the samples containing manganese and iron (Group II) 
 
The transmission spectra of both groups, with the high absorption between 400 
and 450 nm, reveal the presence of the ferri-sulfide complex. The small peak that we 
could see at around 400nm in figure 3.19 has practically disappeared. When calculating 
their colour coordinates, both groups give a brownish colour, though it is possible to 
distinguish a green/yellow tinge in group I and group II respectively. 
But again, despite having a similar composition, they do not share the same 
spectral shape. The difference lies in the furnace conditions. Reminding the equation 
3.5: 
 
 
 
 
The absorption bands will vary in function of the presence of the divalent or 
trivalent iron and manganese form. The artefacts of group II are probably produced 
under more reducing conditions. The wide absorption band around 1000-1100nm, much 
more discrete for group I, exposes the presence of Fe
2+
. On the opposite side, artefacts 
of type II are made under oxidizing conditions and ions Fe
3+
 and Mn
2+
 are formed. So, 
again, we would like to reiterate that optical spectroscopy gives possibility to have some 
clues about the production process. 
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3.4. General conclusions 
 The main goal of this chapter was to validate the hypothesis exposed at the 
beginning of the thesis. In short, we wanted to prove that with a spectroscopic analysis 
we could identify the transition metals present in ancient glass. Two aspects were 
investigated: 
i) iron impurities in the glass, coming with the raw materials from which the 
glasses were melted 
ii) colouring agents, deliberately introduced to the batch 
We demonstrated that it is possible to determine the presence of colouring 
agents, even when the concentrations of these are very small (0.1% for cobalt, 1% for 
iron and manganese). 
We could see during the entire chapter that the transmission spectra of the 
samples showed the characteristic absorption bands of these elements, which were 
previously reviewed. We can, then, consider optical spectroscopy as a valid method to 
characterise some aspects of ancient glass. 
Besides, apart from being a non-destructive method, which is a really important 
issue when discussing about cultural heritage artefacts, we realized that optical 
spectroscopy had another remarkable advantage. It is possible to distinguish between 
the ions oxidation states, which are determined by the furnaces atmosphere conditions 
(reducing or oxidizing). As a result, it is also possible to extract some conclusions about 
the fabrication process. 
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4. Low-cost system design 
With the knowledge obtained in the previous chapter, the final step of the thesis 
will consist of designing a setup that can be used in the future by archaeologists to 
characterize excavated samples in the field (figure 4.1). Basically, we will introduce 
some modifications to adapt the laboratory setup to a more practical setup, paying 
special attention to the size and cost of the design. However, we will make sure that the 
quality of the measurements is not excessively affected. 
In this chapter, the design and characterisation of a low-cost system is exposed.  
 
Figure 4.1: The low-cost system is thought to fulfil the archaeologists demands 
4.1  Setup of the low-cost system 
The starting-point for the design of the new setup will be the system used in the 
laboratory, with which we have obtained the results of chapter 3. There will not be any 
changes in the geometry or architecture of the system. However, there will be some 
modifications on the components of the system. 
We will work with the same block diagram used in chapter 2, shown in figure 4.2. 
We will analyse every block separately in order to choose the best components for our 
requirements. Despite studying the blocks one by one, the components of the different 
parts have to be compatible and as much as plug & play as possible. 
 
 
Figure 4.2: Block diagram of the setup 
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4.1.1 Components of the low-cost system 
4.1.1.1. Illumination part 
 In chapter 2, this block was formed by the source, an optical fibre and a 
microscope objective. For the new design, however, we will eliminate the microscope 
objective to reduce the cost (in the laboratory setup we had a fibre bundle which caused 
already a relative large spot from the start; in the portable system we work with only 
one single fibre). We will achieve a small light spot size choosing an appropriate source 
fibre. The illumination part will comprise two components: the source and the source 
fibre. 
Source: 
The selected light source should illuminate in the UV-VIS-NIR region due to the 
position of the materials’ absorption bands, mentioned in chapter 3. The measurement 
system also needs a very stable illumination source to be able to obtain the different 
transmission spectra or absorption spectra of the glass artefacts. The last requirements 
that have to be taken into account are the size and the cost of the apparatus. These two 
requirements will be a constant for the choice of the system components. 
A suitable available choice would be the Avantes AvaLight-HAL (Annex C), a 
compact stabilized halogen fan-cooled light source that can be used for the visible and 
near infrared range. Its spectral shape is shown in figure 4.3. Note that although the 
light source spectral range goes from 360nm to 2500nm the source spectrum shown in 
the figure tops at 1100nm. This is because the spectrum analyser is only able to measure 
until that wavelength, as will be discussed in the next section. 
 
Figure 4.3: Source spectral shape 
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Source fibre: 
We will work with a single fibre, avoiding a large spot and the use of lens. 
Covering the light spectral region, we will use the fibre FC-UV200-2. 
4.1.1.2. Receiving part 
 This block will consist of a fibre that collects the light that is transmitted through 
the glass and guides it to the spectrum analyser. 
Receiving fibre 
 The only requirement this fibre needs to accomplish is to work in the same 
spectral range as the spectrum analyser. For the setup we will use the fibre FC-UV200-
2, the same as the source fibre. 
Spectrum analyser 
 In the laboratory setup, we used a spectrum analyser that could perform very 
accurate measurements. Nevertheless, it is not possible to use the same spectrum 
analyser for the new setup due to its big dimensions and its elevated cost. Therefore, we 
need to change the spectrum analyser. In particular, the spectrum analyser used will be 
an AvaSpec3648 (Annex C). 
During the last decades, different companies such as Avantes, Ocean Optics and 
Hamamatsu are producing low-cost, portable spectrum analysers. The performance of 
this equipment is continuously evolving. If we look for a small, low-cost spectrum 
analyser, we find some that can make measurements in the 200-1100 nm range. This 
range covers all the visible light, so the identification of the colouring agents is possible. 
However, the identification of the iron impurities is more problematic. If the iron is 
mainly present on its divalent form due to the reducing furnace atmosphere in the 
process of fabrication, it might be not be able to recognize the presence of iron on the 
sample. Consequently, the new system will be reliable only for the identification of the 
colouring agents. 
In case it is required an iron analysis, we could work with another spectrum 
analyser: this is the idea that lies behind Plug & Play. Starting from a source and a 
sample holder structure, we can choose the third module, the spectrum analyser 
depending on the application.  
 This spectrum analyser has some advantages that can make it useful for our 
design and, ultimately, to the archaeologist. Apart from its relatively low-cost, the small 
size (in figure 4.4 it is compared to a pencil size) assures that the samples can be 
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analysed in the site of excavation as it is easily transportable. In addition to that, the 
spectrum analyser performs the measurements instantly, while for the laboratory system 
one measurement takes several minutes. This is due to the difference in internal 
configuration of the spectrum analysers. The spectrum analyser uses a grating on motor 
and fixed detector while the portable spectrum analyser has a curved mirror and CCD 
array. The use of a CCD array assures the immediate measurement, but also a worse 
resolution. In this case, the resolution is not uniform, but the resolution is on average 
2.4nm (grating: 300 lines/mm; slit size 50). 
 
 
Figure 4.4: Picture of the chosen spectrum analyser 
4.1.1.3. Archaeological artefacts under study 
 Before analysing which archaeological artefacts can be characterized with the 
new system, we have to mention a change of the structure that holds the sample. To 
make the system easy to operate with, we introduced a cuvette sample holder (Avantes 
CUV-UV/VIS-Annex C). This holder contains two connectors (one for the source fibre 
and one for the receiving fibre). This component guarantees the alignment between the 
source fibre and the receiving fibre as well as the perpendicularity with respect to the 
glass sample. The cuvette is designed for transmission measurements and comes with 
two collimating lenses with adjustable focus to maximize the light throughput. It can be 
used in the UV, VIS and NIR range. 
 This system has been designed to measure the transmission spectrum of a large 
number of glass samples, no matter its origin. There are some limitations on the size, 
though. We cannot obtain the transmission spectrum of a glass sample smaller than the 
illumination spot size, which is about 1,5mm. The width of the glass artefact is also 
restricted as the cuvette sample holder has a 5mm wide slit to place the sample. 
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 For the characterisation of the complete system, we will use the same glass 
artefacts used during the entire project. All these samples fulfil the mentioned 
requirements. 
4.1.2. Final setup 
 Figure 4.5 is a picture of the complete system. In general, the system works with 
the same concepts as the laboratory setup, but taking into account some extra demands 
as the cost or the size of the system. For this reason, the picture indicates the size of all 
the components. We also enclose a table (figure 4.6) indicating the price of the design’s 
components to give a general idea of the cost of the whole system. 
 
Figure 4.5: Picture of the final setup 
 
Components 
Ligth Source 
AvaLight-
HAL 
Optical fibres 
Spectrum 
analyser 
AvaSpec3648 
Cuvette 
Avantes CUV-
UV/VIS 
Total 
Price (€) 490 395 4980 445 6310 
Figure 4.6: Approach to the system’s price 
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Observing the prices table, it is obvious that the component that determines the 
system’s price is the spectrum analyser. The table of prices is only an indication of the 
equipment’s cost. 
As it can be seen on the picture, the complete setup is small enough to enable to 
perform in-situ measurements. To identify the glass artefact’s colouring agents, it is 
only necessary to place the sample in the cuvette and connect the spectrum analyser to a 
laptop. Then, the obtained transmission spectrum has to be analysed following the 
guidelines of the third chapter. 
4.2. Characterisation of the system 
In this section, we want to check if the measurements performed by the new 
system allow us to obtain information about the glass’ chemical composition similar to 
the results of the laboratory equipment. We know that with the laboratory system we 
can determine some aspects of the chemical composition. So, if we acquire a similar 
spectrum with the new system, we can state that it fulfils our purposes. 
 To characterize the low-cost system we will again use the blue sample from the 
cathedral of Chartres as an example. Figure 4.7 exposes the comparison between the 
transmission spectra measured by the low-cost system and the laboratory system. As it 
can be observed, the spectral shapes practically overlap. 
 
 
Figure 4.7: Comparison between the measurements performed by the two systems (using the same 
sample) 
It is proved, then, that despite being a low-cost solution the new setup is able to 
obtain results as accurate as the laboratory results. The only inconvenience is that with 
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the selected spectrum analyser, the low-cost setup can only measure until the 
wavelength λ=1100nm. 
4.3.   General conclusion 
 In this chapter, we worked on the design of a low-cost system that should enable 
archaeologists to characterize glass artefacts on the excavation site. The setup started 
from the same idea as the system built in the laboratory (same architecture), but only 
adapted to some new requirements, such as low-cost, small size or an easy operability. 
 After introducing the modifications, that were basically changes on some 
components, we concluded that the new system could enable archaeologist to identify 
the nature of the glass artefacts’ colorants. However, it was impossible to study the 
impurities of the sand that formed the glass artefact due to the narrow spectral region of 
the spectrum analyzer. For this application another spectrum analyser module should be 
used.  
 Finally, we made sure that the measurements obtained with the new system were 
just as accurate as the results shown in chapter 3. Comparing the transmission spectra of 
the same glass artefact measured by the two methods, we can guarantee that the low-                
cost solution is a valid method to identify the colouring agents of ancient glass artefacts. 
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5. General conclusions and future 
perspectives 
5.1. Conclusions 
In this thesis, we have approached two disciplines apparently unconnected such 
as archaeology and photonics. We have applied optical spectroscopy to solve some 
archaeological topics concerning the characterisation of ancient glass. More 
specifically, we wanted to check whether it was possible to identify their colouring 
agents and their impurities by looking to the transmission spectra of the glasses. 
Nowadays, there are several techniques that can give information about the 
chemical composition of an ancient glass. However, those methods present a series of 
disadvantages such as their high cost or the requirement to transport the artefact. Yet, 
their shortcoming is the fact that they are destructive methods and this is especially non-
desirable when analyzing samples of cultural heritage. We propose instead a non-
destructive technique. 
We started with some literature research concerning ancient glass production 
and the characteristics of the most frequent metals oxides present in the glass (iron, 
cobalt or manganese), added either as a colouring agent or as an impurity of the raw 
materials forming the glass. The literature review also included the spectral properties 
of the common metal oxides, focusing on their characteristic absorption bands. 
In chapter 3, after the analysis of the several glass transmission spectral shapes, 
we concluded that optical spectroscopy can be a novel method to analyse the colouring 
agents or the iron impurities of the ancient glass samples. This technique makes it 
possible to measure and to characterise a large number of samples that otherwise would 
not be chemically analysed. In addition, the optical spectroscopy provides another 
important advantage. Due to the variation on the spectral shapes as a function of the 
oxidation state of the metal, it is possible to distinguish whether the furnaces conditions 
were oxidizing or reducing. So, the technique not only identifies the presence of the 
metal oxides (and therefore of the colouring agents or impurities), but also gives 
information about the ancient glass fabrication process. 
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Hence, spectroscopic analysis is a very useful tool for the archaeologist to 
determine the origin of the glass artefacts (geographical and chronological) and to verify 
the authenticity of the sample. It can also help to trace the evolution of the fabrication 
technology. However, these questions will not be answered by optical spectroscopy 
alone, but other methods should be taken into account such as the study of the artefact 
physical properties or the place where the sample was found. We conceive it as a 
complementary method. 
To test the techniques, we built two setups. First, we needed a system for the 
laboratory that should perform very accurate measurements because its main function 
was to validate our procedure. Next, after having checked that our method was 
performing satisfactorily, we built another setup, this time thinking on the 
archaeologists’ requirements. Apart from being a reliable design, it is also a low-cost 
design with which measurements can be easily performed at the excavation site. 
However, due to the characteristics of the spectrum analyser, the low-cost system is not 
able to obtain adequate results concerning the analysis of the sand impurities. The low-
cost system identifies, still, the presence of the colouring agents.   
5.2. Research lines for the future 
There are two promising research lines for the future. 
The thesis is focused on the qualitative analysis of the glass chemical 
composition. Although we sometimes referred to the metal oxides concentrations of the 
glass, our purpose was to identify which was the metal oxide present in the glass, if any. 
The research could go one step further and analyse the chemical composition 
quantitatively. To perform a quantitative analysis, the setup would have to be modified 
in order to collect all the transmitted light. Instead of observing the spectral shapes, the 
absolute spectra of the glass samples should be compared. 
As a second research line, we could try to investigate other aspects of ancient 
glass by means of spectroscopy. Up to now, only colouring metal oxides have been 
studied. We could direct the analysis to answer other archaeological questions 
concerning ancient glass, such as the investigation of glass degradation. 
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Annex A: Components of the 
laboratory setup 
Instrument Systems LS500-100 
 
LS100 / LS500 - Light sources from the UV to the IR 
 
Features: 
 high optical coupling efficiency into optical fibers  
 compatible with various fiber connectors  
 available in different models for the UV to the IR 
SMA connectors and fiber bundle adapters are available for all models, providing compatibility with our 
measurement accessories and the appropriate type of optical fiber. Stabilized power supplies are available 
for models from the LS100 series. For models from the LS500 series, the power supply is integrated into 
the housing. 
Model Spectral range  Features 
LS100-110 380 - 850 nm 100 W halogen lamp with cold light reflector  
LS100-130 350 - 2200 nm   100 W halogen lamp with broad band reflector; high stability for T/R 
measurements 
LS500-100  220 - 1700 nm  combined light source with 20 W halogen and 30 W deuterium lamps 
LS500-101  190 - 1700 nm  combined light source with 20 W halogen and 30 W deep-UV deuterium 
lamps 
LS500-120 220 - 350 nm  30 W deuterium lamp 
LS500-121  190 - 350 nm  30 W deep-UV deuterium lamp 
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A cut-off filter is incorporated into the LS500 models with a transmission range down to 220 nm. This filter 
absorbs the radiation below 220 nm and thus prevents the darkening (solarization) that can occur in 
standard fibers. The deep-UV models down to 190 nm do not have this filter and therefore require the use 
of fibers resistant to solarization.  
Solarization describes a degradation process in fibers in which the transmission of short wavelength light 
is dramatically reduced due to the action of UV radiation (darkening). 
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Instrument Systems OFG-554 
 
OFG / PLG - Optical fibers and fiber plug adapters  
 
Properties of the different fiber guides: 
Type  Features Advantages  Application 
multimode fiber 
with SMA 
connector 
multimode fiber with 
core diameter 200 - 
1000 µm 
superior light transmission for small 
beam diameters 
collecting and 
transmitting collimated 
light  
fiber bundle with 
ferrule  
bundle of fibers each 
with core diameter of 50 
µm  
large cross sections possible; 
bending the fiber does not affect 
transmission   
collecting and 
transmitting diffuse 
light 
Instrument Systems supplies appropriate connector adapters for both multimode fibers and fiber bundles. 
Fiber plug adapters are also available for all popular connectors as used in optical telecommunications 
and fiber sensor applications.  
The fiber plug adapter slides into the optical input of the spectrometer and is fixed with the knurled ring. An 
alignment pin guarantees accurate and reproducible installation. Furthermore, the fiber plug adapter 
ensures efficient coupling of the light into the spectrometer due to the integrated lens that matches the 
fiber NA (numerical aperture) to the f-number of the spectrometer.  
Ordering information for fiber plug adapter PLG: 
SMA connector  Fiber bundle ferrule Spectral range Transmission  
PLG-310  PLG-410  300 - 2200 nm  optimized for VIS 
PLG-320  PLG-420  190 - 3200 nm  optimized for UV 
PLG-340  PLG-440  190 - 3200 nm  optimized for IR 
PLG-350  n/a  1000 - 5000 nm  optimized for IR 
Additionally, the PLG adapters of the type PLG-53x are compatible with the connectors popular in optical 
telecommunications: FC/PC, ST, DIN, Radiall, Diamond.  
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Microscopic Objective 10-X 
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Instrument Systems SPECTRO 320 
 
SPECTRO 320 - the most accurate and universal Spectrometer 
 
Features: 
 fast scanning technology for high wavelength accuracy and signal dynamic combined with short 
measurement times  
 up to 190 - 5000 nm spectral range in a single scan  
 optional cooled photomultiplier as well as cooled silicon and extended InGaAs detectors (up to 
2150 nm) are available  
 programmable spectral resolution (bandpass) and wavelength steps  
 integrated optical density and order sorting filter wheels  
 RS-232 and IEEE-488 interfaces  
 standard SCPI command protocol for simple remote control and programming  
 optional Optical Port with optical output and detector input ports  
Technical Specifications: 
SPECTRO 320 Scanning Spectrometer 
Wavelength range 190 - 5000 nm (with 3 gratings and 3 detectors) 
Spectral resolution  0.2 nm (0.07 *HR) - 10 nm; programmable slit wheel  
Datapoint interval  0.05 nm (0.01 nm *HR) 
Wavelength accuracy +/- 0.1 nm; (+/- 0.03 nm *HR) 
Signal sensitivity  Si detector: 5*10
-11
 W/nm; PMT: 5*10
-15
 W/nm 
Scan times 10 - 100 msec / nm 
Stray light  SPECTRO 320: 10
-5
 ; SPECTRO 320D: 10
-9
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Annex B: Matlab function 
function interpolatietest 
  
M = xlsread('d:CIE.xls'); 
%a=M(:,1) 
lengte1 = length(M(:,1)); 
begingolflengte1 = M(1,1); 
eindgolflengte1 = M(lengte1,1); 
golflengteper138nm = 380:2:780; 
golflengteper138nm = golflengteper138nm'; 
interpolatiedataX = interp1(M(:,1),M(:,2),golflengteper138nm); 
interpolatiedataY = interp1(M(:,1),M(:,3),golflengteper138nm); 
interpolatiedataZ = interp1(M(:,1),M(:,4),golflengteper138nm); 
 test = [ golflengteper138nm interpolatiedataX interpolatiedataY 
interpolatiedataZ]; 
xlswrite ('2nm.xls', test); 
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Annex C: Components of the low-cost 
setup 
AvaLight-HAL 
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AvaSpec3648 
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Avantes CUV-UV/VIS 
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